Experiments and theory are employed to investigate the laser ablation of boron doped diamond and tetrahedral amorphous carbon using nanosecond pulses. For a single pulse at low values of fluence, the laser induces a swelling of the surface due to graphitisation, whilst a high level of fluence leads to recession of the surface due to vaporization.
Introduction
With its high capability to generate small details, pulsed laser ablation (PLA) offers new possibilities for microprocessing/texturing of a large variety of difficult-to-cut materials such as high strength Ti/Ni based superalloys (e.g. Ti6Al4V, Inconel 718), ceramics (e.g. SiC, Al2O3) and super-hard materials (diamond, cubic boron nitride).
The current development of techniques to synthesise diamond (e.g. Chemical Vapour Deposition) drives the development of new technologies in diverse industrial applications. Diamond and related materials, such as tetrahedral amorphous carbon (ta-C) and polycrystalline di-ing) is difficult due to the limited access of the cutting tools to minute part geometries while generally not being regarded as economically efficient. With this in mind, a material removal method that is not based on mechanical interaction between the tool and the workpiece would be much more appropriate for the shaping of diamond and related materials at a high level of geometrical detail while resulting in less mechanical damage to the diamond based structure [18] . The use of lasers for diamond through cutting is well documented [19] but recently Pulsed Laser Ablation (PLA), i.e. controlled depth material removal, has been recognized as one of the most efficient and suitable methods for the 3D shaping of diamond [20] with unique capabilities to generate micro-features/textures to support the development of advanced products made of this unique material. It has been reported that various laser sources (micro-, nano-, pico-and femtosecond) produce different levels of thermal damage of diamond structures during PLA [21] . Although microsecond PLA results in a good material removal rate [22] , it produces less well-defined ablated features and secondary effects (e.g. thermal damage, cracks); the shorter pulses (nano [23, 24] , pico [25] to femto [26] second) lead to reduced material removal rates but have greater accuracy and minimise heat-related side effects.
Considering the above, it seems that for industrial applications, machining with nanosecond lasers offers a good compromise between the removal rate and the quality of the detail achieved through ablation [27] . In most cases, the generation of features using PLA is done based on experimental knowledge of the material removal, i.e. beam footprint against a particular target material. Some attempts at using geometrical modelling (convolution of a known footprint along the laser beam path) of PLA to predict the surface micro-geometry have been reported [28] ; tion process plays a dominant role in the laser absorption due to its high absorption coefficient compared to diamond and related material [33] . In the study by Kononenko et al. [25] , a model is presented that calculates the maximum extent of the graphitic phase. Although it provides satisfactory predictions, the model assumes that the temperature of graphitisation is the quasi-stationary annealing threshold. This contradicts earlier experiments on diamond annealing which show that graphitisation is slow at the quasi-stationary annealing temperature and does not occur during short heating [2] . Furthermore, the model does not consider the kinematics of the position of the phase change, and the transition between the two phases is not taken into account until the end of the simulation.
In effect, the positions of the interfaces (graphite/diamond and graphite/vacuum) are calculated after the end of the simulation using the maximum penetration of the quasistationary annealing temperature. Thus, this framework implicitly assumes that the graphite and diamond have the same optical and thermal characteristics.
To address these research gaps, a new model is developed to study the kinematics of the graphitisation of diamond during nanosecond PLA. The proposed model and investigation methods aim at providing better insight into the kinematics of the graphite layer formation in the diamond structure thereby predicting the thickness of the graphite layer as a function of the fluence. The model is one-dimensional, and consists of the conservation of heat and mass during the interaction; radial heat diffusion can be neglected because the thermal penetration depth is at least one order of magnitude smaller than the diameter of the laser spot. This provides a flexible framework within which to study the influence of the optical and thermal properties of the diamond on graphitisation. The dynamic positions of the interfaces (graphite/diamond and graphite/vacuum) are simulated, but cannot be measured experimentally, so the final position of the surface (graphite /vacuum) is used to validate the model for two types of diamond: boron-doped diamond and tetrahedral amorphous carbon.
2. Model for the graphitisation of diamond and related material during nanosecond pulsed laser ablation The ablation process for diamond and related material can be separated into three phases:
1. Diamond heating: the laser interacts with the pristine diamond phase. The heat distribution is governed by the thermal diffusivity and the laser penetration depth inside the diamond [34] . The saturated vapour pressure is negligible due to the low surface temperature, so vaporisation does not occur during the diamond heating. This phase ends when the total thickness of graphite calculated using the Arrhenuis law at the surface of the diamond is equal to two layers of graphene (∼ 0.7 nm). The surface temperature is used to calculate the graphitisation rate of the diamond.
2. Graphitisation and ablation: the total thickness of the layer of graphite reaches 2 layers of graphene and the laser interacts with the graphite and diamond layer. A thin-layer (a fewÅngström) of diamond is numerically transformed into graphite at the surface of the diamond [1] . At first, this layer does not have a strong influence on the temperature distribution as its thickness is too small to absorb a significant part of the laser energy. However, the graphite layer quickly grows and, due to its high absorption coefficient, the heat distribution is dramatically changed. The dynamic position of the interfaces is critical for the determination of the heat distribution during this phase. A new modelling framework has therefore been used to correctly describe it, which represents the key element of this paper and is described in this section.
3. Relaxation of the system: graphitisation stalls due to a lack of heat propagation inside the target. However, the surface temperature can still be above the ablation threshold resulting in the vaporisation of a part of the graphite layer. The new modelling framework can also be used to simulate this phase.
The model for the diamond heating phase has already been described elsewhere [34] . The physical phenomena are modelled to improve understanding of the ablation process during the graphitisation and ablation phase. Nanosecond laser ablation, that is to be considered in this paper, is a thermal process that is induced by the absorption of the laser pulse by the electrons in the target followed by a rapid (< 10 ps) thermalisation between the electrons and the lattice. The resulting heat then diffuses within the target. The thermal penetration depth, defined as d Thermal = 2Dτ pulse (where D is the diffusivity and τ pulse is the temporal length of the laser pulse), is at least one order of magnitude smaller than the diameter of the laser spot on the target. Thus, the heat distribution within the target workpiece can be determined using a 1D model.
In this approach, the two layer (graphite and diamond) system is modelled (based on mass and energy conservation) to take into account graphitisation during the irradiation. In the following equations the subscripts d and g are used for the thermophysical and optical properties of diamond and graphite respectively. The vacuum/graphite and graphite/diamond interfaces are at x = x 1 and x = x 2 respectively.
The density difference between graphite and diamond leads to an outward displacement of the graphite, or swelling, of the graphitised surface as shown in Figure 1 . Mass conservation at the diamond-graphite interface leads to
where ρ is the density of the material and v swelling is the speed induced in the graphite due to the graphitisation.
The heat equation for the graphite is, using (1),
with H, D and S being enthalpy of the material, thermal diffusivity and the heat source induced by the laser respectively. The enthalpy is generically calculated as
with c p and T being the specific heat and temperature respectively. The source term S from the laser beam is
with R, α, T surface and i(t) being reflectivity, absorption coefficient for the laser wavelength, surface temperature, and the temporal profile of the laser pulse respectively. It has been shown that the absorption of a significant fraction of the laser energy by the plasma that is created above the surface is an important phenomenon during nanosecond laser ablation [34] , [35] . Including plasma absorption can lead to significant improvement of model predictions [36, 37, 38, 39] . In this context, using the method developed for graphite ablation by Bulgakova et al. [40] , the plasma absorption is estimated using the total optical thickness of the ablation plume Λ such that
with E a (t) and x a (t) being the energy in the plasma and the depth ablated respectively. Here a and b are free parameters usually determined by fitting the model to experimental data. This simple model for the optical thickness is based on the hypothesis than an increase in the plasma energy, E a (t), or the plasma density increases the absorption. Thus, the plasma shielded heat source is
The heat equation for the diamond is where the source term S d is
The system is completed by the Stefan condition,
with ∆h d−g the heat of graphitisation and the jump of enthalpy at the graphite-diamond interface
where T interface is the temperature at the interface between diamond and graphite . Note that the Stefan condition has been modified to take into account the fact that graphitisation is irreversible and follows Arrhenuis law, (unlike melting or solidification phase changes) thus the speed of the interface between the graphite and the diamond cannot be negative and is calculated using the following equation,
with C and ∆E being respectively a constant representing the rate of transformation between graphite and diamond, and the activation energy for the transition between diamond and graphite. The domain of solution is finite, and an adiabatic boundary condition is applied at the bottom,
We always choose x max large enough that the temperature there does not change significantly during the simulation.
At the top of the domain, the boundary condition is controlled by evaporation. Thus, the energy balance at the irradiated surface is
with v a and ∆H vap being the speed of ablation and the enthalpy of vaporization [41] respectively. The relation between the rate of evaporation and vapour pressure is [42] ,
with M , R, T s and P v being molar weight, the gas constant, surface temperature and the saturated vapour pressure respectively. The saturated vapour pressure is estimated using the Clausius-Clapeyron equation,
with ∆v the change in specific volume during the evaporation. The vapour is considered to behave like an ideal gas and the latent heat of vaporization is regarded as a constant over the range of temperatures encountered [43] .
Since it has been shown that a certain proportion of the atoms from the vapour are reflected to the surface [44] , a sticking coefficient β is included in (16) to account for this phenomenon. Using (14) and (15), it is possible to obtain the ablation velocity of the graphite,
where T 0 is the reference temperature under the reference pressure p 0 . The saturated pressure for carbon is tabulated for a range of temperatures [45] with reference pressure and temperature p 0 = 100 kPa and T 0 = 3908K. The position of the interface between graphite and vacuum is determined by
Finally, a front fixing method [46] is used to map the domain of solution to a field domain which is more convenient for numerical solution.
At the start of the simulation, the temperature of the diamond is set at 300 K. Initially, the laser interacts directly with the diamond, so just the equation for the flow of heat in the diamond is solved. The surface temperature in the diamond increases until the total thickness of the graphite layer calculated using the Arrhenuis relation reaches twice the thickness of graphene layer. Once this thickness of the graphite layer is attained, the diamond is numerically transformed into graphite by instantaneously replacing a small layer of diamond (two layer of graphene thickness ) with graphite. Afterwards, the two heat equations are solved simultaneously and the interfaces (graphite/diamond and graphite/vacuum) evolve according to (17) and (9).
The system of equations is discretised using Taylor series and finite volume methods. Temporal discretisation is achieved using the implicit Euler method. The solver uses an adaptive time step dependent on the value of the ablation speed. A high ablation speed means a small time step.
The matrix resulting from the discretisation is inverted using the library SUPERLU [47] . The solver is second order in space and first order in time. At each time step, the material properties are evaluated using the enthalpy from the previous time step. The simulation is carried out until the system is not subject to vaporisation and graphitisation, usually about 2µs. The size of the simulated sample is around 2 µm for tetrahedral amorphous carbon and 20
µm for boron doped diamond. The temperature of the sample at the end of the simulation typically is around 20 K over the initial value.
Methodology for material properties used in the simulation
In this study, the model has been tested against two types of diamond: boron doped diamond (BDD) and tetrahedral amorphous carbon (ta-C). These materials are chosen because they present dissimilar optical and thermal properties, as well as a notable difference in microstructure. BDD is a microcrystalline diamond exhibiting a high diffusivity and low absorption coefficient at the wavelength of the laser used in the experimental investigations (1061 nm). In contrast, ta-C is an amorphous diamond like carbon having a low diffusivity and high absorption coefficient at the laser wavelength used during the experimental tests (248 nm) [33] . Previous studies show that the temperature dependence of the material properties (thermal and optical) has a strong influence on the predictions of models for nanosecond pulsed laser ablation [48] . Thus, it is critical for the accuracy of the model results to employ material properties as close as possible to the real ones.
The methodology for the determination of the material properties (optical and thermal) for the two target materials and graphite will be presented below. The thermal properties used in the model are the specific heat capacity, the density, the thermal diffusivity, the specific enthalpy of graphitisation and the temperature of graphitisation for the diamond material. The optical properties used in the model are the reflectivity and the absorption coefficient.
Optical and thermal properties for boron doped diamond (BDD)
The optical [53, 54, 55, 56] and thermal [57, 58] proper- nano-crystalline) [59] . Thus, the specific heat of single crystal diamond is used in the model for the specific heat of boron doped diamond [49] .
• Thermal conductivity: the boron doping rate in diamond affects the thermal conductivity [60, 61] by up to one order of magnitude. This is due to the increase of point defects and boron concentration in the grain boundaries which increases the phonon dispersion. The thermal conductivity reported in the manufacturer data sheet [49] is used in the model.
Although, the thermal conductivity should decrease with an increase of temperature, the reported data only includes the value at 300 K. Thus, the thermal conductivity is considered as constant over the range of temperature studied.
• Density: the density of boron doped diamond is considered to be equal to the density of pure diamond [61] .
• Specific enthalpy of graphitisation: the specific heat of graphitisation has been experimentally measured in the work of Rossini et al. [52] .
• Activation energy and rate of graphitisation: the graphitisation rate as a function of temperature for pure diamond has been previously reported [2, 3] .
• Reflectivity: the complex part of the refractive index is relatively small compared to its real part [56] .
Thus, the real part of the refractive index alone is meaningful for the calculation of the refractive index.
Experimental studies show that the refractive index has a negligible dependence on the boron doping rate [56] . Furthermore, the reflectivity of a microcrystalline boron doped diamond with a doping rate at 1.3 × 10 20 cm −3 has been reported in the literature [62] and is used in the model.
• Absorption coefficient: the absorption coefficient at 1061 nm (the laser wavelength used in the experimental tests) is highly dependent on the boron doping rate [53, 54] , and is approximately 6 × 10 5 m −1
at 300 K for the BDD sample used in this study.
Furthermore, Hall mobility and carrier concentration measurements show that the absorption coefficient should decrease with an increase of temperature [53] .
The thermal and optical properties for the boron doped diamond used in the model are summarised in Table 1 .
Optical and thermal properties for tetrahedral amorphous carbon
The thermal and optical properties of tetrahedral amorphous carbon are not commonly reported in the literature since their measurement is difficult in the thin films that are typically deposited [68, p. 158-162] . However, it has been established that the fraction of sp 3 /sp 2 carboncarbon bound is linked to the density [63] , the thermal conductivity [67] , the specific heat [66] and the optical properties [69] . The thermal and optical properties are usually measured at 300 K [64, 33] :
• Specific heat: the work of Hakovirta et al. [66] suggests that the specific heat of diamond like carbon films can be calculated using the specific heat of the graphite and diamond, the ratio of sp 3 /sp 2 and the hydrogen concentration in atomic percentage. Thus, the specific heat used for this study is
with r sp 3 /sp 2 the ratio of sp3/sp2 bound, c p d (T ) the specific heat of diamond and c pg (T ) the specific heat of graphite.
• Thermal conductivity: a previous study demonstrates that the thermal conductivity is linearly dependent on the ratio of the sp 3 /sp 2 bound and weakly dependent on the temperature around 300 K [67] . Thus, the thermal conductivity is considered as constant over the range of temperature used.
• Density: the film density is linearly dependent on the ratio of the sp 3 /sp 2 bound [63] .
• Specific enthalpy of graphitisation: since the change Thermal diffusivity [67] , See Figure 3b) of enthalpy between graphite and diamond is the energy released from the sp3 carbon-carbon bound, the specific enthalpy of graphitisation depends linearly on the ratio of sp3/sp2 bound [52] .
• Activation energy and rate of graphitisation: the activation energy for ta-C has been previously reported [4, 5] however due to the thickness of ta-C the most accurate value available is 3.5±0.9 eV. Furthermore, the rate of graphitisation has not been measured.
Thus, the activation energy and the rate of graphitisation are free parameters that are determined by fitting the experimental results and the calculated data on the surface position. In this work, the model is validated for boron doped diamond, then the same model is applied for ta-C. It is then possible to obtain accurate values for the activation energy and rate of graphitisation for ta-C.
• Reflectivity: Tay et al. [69] have measured the optical properties of ta-C film for a ratio of sp 3 /sp 2 bound around 80-85% and found a weak dependence of refractive index at 250 nm on the ratio of sp 3 /sp 2 bound. The reflectivity measured by Larruquert et al. [65] is used in the model for the reflectivity of the ta-C film at 248 nm.
• Absorption coefficient: the absorption coefficient at 248 nm for ta-C is highly dependent of the ratio of The thermal and optical properties for the ta-C used in the model are summarised in the Table 2 .
Optical and thermal properties for graphite
The optical and thermal properties of graphite are commonly reported in the literature. In this study, the graphite is considered to be non-porous during the ablation process [30] and polycrystalline [76] .
• Specific heat: the specific heat of graphite has been reported in numerous works for many varieties of graphite (pyrolytic, porous, etc.) [74, 77, 34] . The specific heat reported in the different studies are in fairly good agreement from 300 K to 4800 K. Thus, the value of the specific heat used in the model for graphite is the one reported in [74] . For a temperature over 4800 K, experimental measurements suggest that the specific heat of graphite is constant, [78] .
• Thermal conductivity: the thermal conductivity of porous graphite (16%) was reported in [34] . For non- 
2.2
Temperature of reference [45] , K 3635
Latent heat of vaporization [34] , kJ.mol Thermal diffusivity, [34, 75] See Figure 3b) porous material, the thermal conductivity is calculated using the Maxwell Garnett model [79] . The thermal conductivity used in the model for graphite is 25% higher than thermal conductivity reported by Bulgakova et al. [34] .
• Density: the density of non-porous graphite has been reported to be 2.2 gcm −3 , [71] .
• Reflectivity at 1061 nm: the reflectivity of graphite at 1061 nm has been previously reported [34] , see Table 3 .
• Reflectivity at 248 nm: the reflectivity of graphite at 248 nm has been measured at 300 K [72] . Furthermore, pump and probe experiments show that the reflectivity of graphite for three different wavelengths decreases with temperature [73] . It is likely that the reflectivity at 248 nm follows the same trend, so it is assumed that the reflectivity decreases with temperature down to 0.10 at 7000 K. It is believed that a reduction of the reflectivity with temperature represents a closer approximation to reality than a constant reflectivity. The value of the reflectivity taken for graphite at 248 nm is given in Table 3 . Furthermore, numerical experiments are presented in the Subsection 5.5.2 to understand the relationship between the reflectivity and the position of the interfaces (graphite/vacuum and graphite/diamond).
• Absorption coefficient at 248 nm and 1061 nm: Djurišić et al. have measured the absorption coefficient of graphite at 248 nm and 1061 nm at 300 K [72] . It must be noted that pump and probe experiments demonstrate a decrease of the absorption coefficient with temperature. For the sake of simplicity, the absorption coefficient is considered to be constant.
The optical and thermal properties used in the model for graphite are given in Table 3 .
Experimental Methodology
The model developed in this study is used to simulate the phase transition between diamond and graphite under high thermal load. This effect is particularly important during the first interaction between the laser and the diamond target (single pulse ablation). In effect, the creation of a graphitic layer over the diamond leads to a large variation of material properties, which dramatically changes The methodology and experimental results for tetrahedral amorphous carbon have been reported previously [80, 33] . Therefore, the experimental setup is briefly described in the following paragraph and the reader is referred to the previously published studies for further information. However, the results for boron doped diamond have not been previously published, and the experimental methodology used in this study is detailed below.
Tetrahedral amorphous carbon (ta-C)
A KrF eximer laser producing 20 ns (FWHM) pulses at 248 nm is used to study the ablation of 2 µm thick ta-C. The height and depth of the crater is measured for a range of fluence between 0.1 and 600 J.cm −2 . The 2µm ta-C film is produced by pulsed arc deposition, using a technique described in [64] .
Boron doped diamond (BDD)
The experimental tests for the model validation are 
Results and discussions
The model is tested for two dissimilar diamond and 
Boron doped diamond
In the case of boron doped diamond at low fluence, the swelling is clearly visible in Figure 5 In the results presented in Figure 7 , the absorption co- sorption mechanism during infrared pulsed laser ablation is via inverse Bremsstrahlung, which is highly dependent on the temperature and density of electrons [82] . Thus, the plasma absorption will present an ignition threshold for which the amount of energy absorbed offers positive feedback, leading to a large increase in the amount of energy absorbed [82] . For the same pulse energy, the shorter pulses have a high intensity overcoming losses due to the three body recombination, de-excitation, photon recombination, Bremsstrahlung emission and plasma expansion [82, 83] and reach the ignition threshold. However, longer pulses requires more pulse energy to reach the same intensity and overcome the ignition threshold. The model for the plasma absorption implicitly considers that the plasma absorption occurs at the same time as the start of the ablation. The experimental results presented in Figure 7 show that it is not the case for the present experimental setup as the linear coupling between the fluence and the amount of ablated material stops around 50 J.cm −1 . Furthermore, previous modelling work has found similar behaviour for the plasma ignition [84] . Thus, it is likely that a better description of the plasma will improve the prediction of the model for a fluence over 50 J.cm −2 .
Finally, the good agreement between the experimental results and the model for boron doped diamond validates the methodology for the prediction of the thermal stability of diamond during pulsed laser ablation. In the following section, the same methodology is applied for tetrahedral amorphous carbon thus providing further information about the thermal stability for diamond-like carbon thin films that cannot be directly obtained [5, 6] .
Tetrahedral amorphous carbon
As mentioned previously, the value of the reflectivity for graphite at 248 nm is not precisely known as a function of the temperature. However, previous pump and probe experiments show that the reflectivity decreases at higher temperature [73] . The error in the model prediction due to the uncertainty of the reflectivity value cannot be es- tivity due to the ignition of the plasma, which decreases the amount of absorbed energy. It must be noted that the numerical results using these four reflectivity values are all in fairly good agreement with the available numerical results for low fluence. Thus, it does not give us enough information to distinguish between the different cases. In the following simulations, the reflectivity is dependent on the temperature (see Table 3 at 532 nm) suggesting that plasma ignition occurs with a lower amount of material ablated. Furthermore, it has been shown that at 532 nm, the free parameter b is equal to zero, suggesting that the plasma absorption is almost independent of the amount of energy inside it. These observations are consistent with the main absorption mechanisms of laser pulses at 1064 nm and 248 nm. For infrared lasers, plasma absorption occurs mainly through inverse Bremsstrahlung with the ion and neutral [82, 83] , which requires a large electron density and temperature to ignite, so that the parameter b should not be zero. In contrast. for UV lasers, plasma absorption is dominated by photoionisation processes that does not require a large electron population generated by an increase of temperature [86, 83] so the parameter b should be small. It must be noted that the variation of the parameter a is also consistent with the absorption mechanisms at VIS and UV wavelength. In effect, a decrease of laser wavelength increases the number of atomic electronic levels (especially so that those levels are generally more densely populated) that participate in photo-ionisation, which leads to a step increase in the plasma absorption coefficient [87] . The plasma absorption increases the range for which the model is in good agreement with the experiments and suggests that the inclusion of the plasma in a more detailed manner could provide additional insight into the ablation mechanisms. This is close to the widely accepted critical temperature of graphite [74] and is consistent with the beginning of explosive/volumetric mass removal. It has been found that the thickness of material in a thermodynamic state close to the critical is less than 100 nm, see Figure 10 . Therefore, the model might not be able to explain the 250 nm difference between the model and the experiments for a fluence of 622 J.cm −2 . However, it has been found in a previous study that the emission of energy by the heated plasma over the crater due to the bremsstrahlung and photo-recombination processes causes deeper heating without affecting the amount of ablated material [85] . This effect has not been taken into account for this study but it would suggest that the plasma absorption is overestimated. In effect, deeper heat absorption should lead to a larger swelling that should be counterbalanced by an increase of ablation at the surface. It should also lead to a larger layer of material heated over the critical temperature and explain the difference between the experiment and the model for high fluence.
The estimation of the parameters used in Arrhenuis law for the graphitisation of ta-C provides further information about the thermal stability of diamond-like carbon films, see Figure 11 . The activation energy for ta-C has previously been determined experimentally at 3.5±0.9 eV [4, 7] .
The present study provides improved accuracy for the ac- In recent years, the interaction between the material ablated from the surface and the laser has been investigated in detail, which demonstrates the importance of accurately modelling the temperature dependence of key physical properties, [29, 48, 90] , an aspect that has been strongly emphasised in this paper. The behaviour of the subsurface during ablation has not been heavily studied due to the difficulty of measuring the microstructure inside the material and relating it to the processes that created it. Diamond ablation presents an interesting case for which the maximum position for the graphitisation temperature can be measured after the removal of the graphite layer (using acidic solutions [25] or a furnace in an oxiding atmosphere [33] ) putting further constraint on the results of the model. Future studies should provide additional information about the phenomena occurring inside the material during pulsed laser ablation.
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